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ABSTRACT 


The  relative-phase  response  and  gain  patterns  found  by  numerical  modelling  of  an  HF 
antenna  array  of  vertical  whip  antennas  were  compared  with  the  patterns  found  by  actual  meas¬ 
urements.  While  some  features  of  the  measured  patterns  agree  with  the  model,  other  significant 
features  did  not.  The  disagreement  could  be  due  to  ground  inhomogeneities  and  other  local  fea¬ 
tures  as  well  as  differences  between  the  actual  and  modelled  antenna  array  such  as  discrepancies 
in  antenna  position  and  orientation,  poor  connections  to  ground  radials,  and  differences  in  the 
modelled  and  actual  antenna  loading.  In  most  cases  where  the  elements  were  closely  spaced, 
numerical  modelling  provided  a  somewhat  better  estimate  of  the  antenna  gain  and  relative-phase 
response  patterns  than  the  simple  assumption  of  azimuth-independent  gains  and  a  relative  phase 
response  consistent  with  a  spherical  wavefront  centered  on  the  transmitter.  However,  for  more 
remote  antenna  elements,  modelling  did  not  provide  a  better  estimate;  nor  did  it  provide  a  better 
estimate  for  the  lowest  modelled  frequency.  Actual  pattern  measurements,  on  the  other  hand  pro¬ 
vided  significantly  better  pattern  estimates  in  all  cases. 


RESUME 


La  reponse  en  phase  relative  et  les  patrons  de  gain  obtenus  par  modelisation  numerique 
d’un  reseau  d’antennes  HF  a  elements  verticaux  sont  compares  aux  patrons  obtenus  par  des 
mesures.  Malgre  le  fait  que  certaines  caracteristiques  des  patrons  mesures  apparaissent  aussi  dans 
la  modelisation,  certaines  caracteristiques  importantes  ne  sont  pas  expliquees  par  le  modele.  Ceci 
peut  6tre  dfl  a  des  inhomogeneites  du  sol  et  d’autres  caracteristiques  locales,  ainsi  qu’a  des  dif¬ 
ferences  entre  le  reseau  d’antennes  lui-meme  et  son  modele,  comme  des  divergences  dans  la  posi¬ 
tion  et  r  orientation  des  antennes,  de  mauvaises  connexions  au  reseau  de  terre  et  des  differences 
de  charge  d’antenne  entre  le  modele  et  le  systeme  mesure.  Dans  certains  cas,  lorsque  les  antennes 
etaient  tres  rapprochees,  la  modelisation  numerique  foumissait  un  meilleur  estime  de  la  reponse 
en  phase  relative  et  des  patrons  de  gain  d’antenne  que  la  supposition  simplificatrice  du  gain 
independent  de  I’azimuth,  et  la  reponse  en  phase  relative  consistante  avec  un  front  d’onde 
spherique  centre  au  transmetteur.  Cependant,  pour  des  elements  d’antenne  plus  eloignes,  et 
mSme  pour  des  elements  rapproches  en  utilisant  la  plus  basse  frequence  disponible,  la  modelisa¬ 
tion  n’a  pas  foumi  de  meilleur  estime.  D’un  autre  cote,  les  mesures  de  patrons  d’antennes  ont 
foumi  de  bien  meilleurs  estimes  dans  tous  les  cas. 
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EXECUTIVE  SUMMARY 


Knowledge  of  the  element  gain  and  relative  phase  patterns  in  an  antenna  array  is  neces¬ 
sary  in  many  HF  radio  systems  (e.g.,  radar,  direction-finding).  The  present  technical  note  com¬ 
pares  the  antenna  patterns  found  using  numerical  modelling  with  those  measured,  for  an  HF 
antenna  array  consisting  of  a  number  of  vertical  whip  antennas  interspersed  with  other  (unused) 
elements.  A  recently  refurbished  airborne  antenna  pattern  measurement  system  using  differential 
GPS  positioning  was  used  to  obtain  the  element  patterns;  the  modelling  was  performed  using 
NEC2  software.  Separate  ground  conductivity  measurements  provided  appropriate  ground 
parameters  for  the  model. 

The  measured  and  modelled  patterns  were  found  to  agree  in  some,  but  not  all,  of  their  fea¬ 
tures.  Substantial  differences  were  noted  which  could  be  attributed  to  ground  inhomogeneities,  a 
layered  ground,  misalignments  in  antenna  positioning  and  orientation,  possible  poor  ground- 
radial  connections,  as  well  as  other  unaccounted-for  local  features. 

In  the  absence  of  any  pattern  information,  the  simplest  assumptions  that  could  be  made  for 
an  array  of  vertical  whip  antennas  is  that  the  antenna  gains  are  azimuth-independent,  and  that  the 
relative  phase  response  of  different  elements  is  that  predicted  on  the  basis  of  a  spherical  wave- 
front  centered  at  the  transmitter  (i.e.,  plane  wave  for  distant  transmitters).  Typical  errors  in  the 
gain  patterns  resulting  from  use  of  the  azimuth-independence  assumption  were  found  to  lie 
between  0.47  to  1.63  dB  rms,  with  the  largest  errors  occurring  at  low  elevations,  where  ground 
conductivity  played  a  large  role  in  the  gain,  and  for  antennas  close  to  other  conducting  elements 
which  distort  the  patterns  away  from  azimuth  independence.  The  corresponding  errors  in  relative 
phase  response  with  the  spherical  wavefront  assumption  varied  from  4.2°  to  14.6°  rms,  depend¬ 
ing  on  the  antenna  and  radio  frequency. 

Use  of  the  numerical  model  instead  of  the  assumptions  reduced  the  errors  in  some  but  not 
all  cases.  The  rms  errors  (in  gain  and  relative  phase  response)  were  reduced  at  the  higher  HF  fre¬ 
quencies  of  11.5  and  18.0  MHz,  for  the  antennas  close  to  other  conducting  elements.  However 
the  gain  errors  remained  the  same  or  became  slightly  worse,  when  the  model  was  applied  at  5.1 
MHz  or  to  an  antenna  remote  from  other  radiating  elements.  The  relative  phase  errors  were  sub¬ 
stantially  worse  with  numerical  modelling  at  5.1  MHz  for  closely  spaced  elements.  For  the 
remote  element  modelled  at  5. 1  MHz,  as  well  as  for  all  antennas  at  higher  frequencies,  the  relative 
phase  errors  were  less  with  modelling. 

A  marked  reduction  in  the  rms  errors  in  gain  and  relative  phase  response  was  noted  when 
the  pattern  measurement  system  was  used  to  obtain  these  quantities. 

On  the  basis  of  these  findings,  it  is  recommended  that  actual  pattern  measurement  be  used 
in  HF  systems  where  precise  knowledge  of  the  antenna  patterns  is  required.  Pattern  measure¬ 
ments  are  required  to,be  made  at  many  closely-spaced  frequencies  spanning  the  frequency  range 
of  operation,  in  order  to  allow  accurate  interpolation  to  intermediate  frequencies.  As  ground  con¬ 
ditions  can  change  significantly  with  season,  (e.g.  frozen  vs.  thawed  ground)  it  may  also  be  neces- 
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sary  to  measure  the  patterns  at  different  representative  times  of  year.  A  large  number  of 
measurements  can  be  costly.  If  measurements  are  not  feasible,  then  modelling  can  be  useful  in 
obtaining  patterns  for  cases  where  the  antenna  elements  are  closely  spaced.  Modelling  may  also 
be  of  aid  in  the  frequency-interpolation  of  measured  patterns.  When  modelling  is  used,  it  is  very 
important  to  know  and  model  precisely  the  locations  and  orientations  of  the  conducting  elements, 
as  well  as  the  ground  parameters,  and  to  locate  the  array  in  a  level  area  over  which  the  ground 
parameters  are  constant. 


1.0  Introduction 

Knowledge  of  the  antenna  array  element  patterns  is  important  to  HF  radio  systems:  radar, 

*  direction-finding,  and  communications.  The  information  required  for  many  array  applications 
includes  both  the  amplitude  and  phase  responses  of  the  elements  over  all  directions  and  frequen¬ 
cies  of  interest.  This  information  is  difficult  to  obtain:  comprehensive  direct  measurements  using 

*  airborne  transmitters  can  be  time-consuming  and  costly,  and  numerical  modelling  techniques  suf¬ 
fer  from  the  limitations  imposed  by  incomplete  knowledge  of  the  local  antenna  environment,  as 
well  as  by  limitations  in  the  modelling  software. 

Recently  a  relatively  inexpensive  pattern  measurement  system  developed  at  the  CRC  was 
refurbished,  to  allow  both  amplitude  and  relative-phase  response  measurements  to  be  made.  This 
system  was  used  to  obtain  antenna  patterns  for  an  HF  array  of  vertical  whip  antennas  in  the 
Ottawa  area.  The  system  and  the  results  of  the  measurements  are  presented  in  a  recent  CRC 
report  [1].  They  show  significant  azimuthal  variations  in  the  patterns  of  the  elements,  as  well  as 
significant  variations  in  the  relative  phase  responses,  away  from  those  expected  on  the  assumption 
of  a  spherical  wavefront  centered  on  the  transmitter.  By  comparing  the  patterns  of  different  ele¬ 
ments  in  the  array  for  which  the  interelement  geometry  was  similar,  it  was  deduced  that  some  of 
the  pattern  variations  could  be  explained  by  the  antenna  element  interaction,  but  that  a  significant 
remainder  could  not.  This  remainder  was  attributed  to  localized  ground  effects  and  unconsidered 
differences  in  the  elements  and  their  ground  radials. 

In  order  to  further  explore  the  sources  of  the  pattern  variations,  and  also  to  determine  the 

''  degree  to  which  the  HF  antenna  patterns  (gain  and  phase)  could  be  predicted,  numerical  antenna 

pattern  modelling  was  undertaken.  This  modelling  was  performed  using  NEC-2  modelling  soft¬ 
ware,  on  the  same  antenna  array  used  for  measurements,  and  took  into  account  all  conducting  ele¬ 
ments  in  the  array  and  its  vicinity  (vertical  whips,  ground  radials),  the  actual  antenna  matching, 
and  a  constant  ground  conductivity.  The  modelling  was  performed  for  frequencies  and  directions 
similar  to  those  used  in  the  measurements. 

The  present  technical  note  compares  the  modelled  antenna  patterns  with  those  measured, 
and  discusses  the  relative  errors  and  benefits  resulting  from  use  of  these  approaches  to  obtaining 
antenna  array  patterns. 

2.0  Measurements 

The  Xeledop  antenna  pattern  measurement  system  and  the  measurements  are  described  in 
the  previous  report  [1].  Those  items  pertinent  to  the  present  document  are  described  herein. 

The  pattern  measurement  system  consisted  of  a  small  transmitting  unit  including  a  dipole 
antenna,  which  was  towed  behind  a  light  aircraft.  The  transmitter  emitted  one  of  several  tones  in 
the  HF  range.  The  location  of  the  transmitter  had  to  be  known  accurately  in  order  that  relative- 
phase  as  well  as  gain  response  measurements  could  be  made.  This  was  facilitated  through  the  use 
of  differential  GPS  (global  positioning  system)  technology.  A  GPS  receiver  was  mounted  in  the 
aircraft,  where  it  received  UHF  communication  from  a  second  (reference)  GPS  receiver  on  the 

*  ground,  as  well  as  from  the  GPS  satellites. 
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The  pattern  measurements  were  executed  by  flying  the  aircraft  in  circles  around  the  array, 
at  various  heights  and  distances,  to  obtain  the  azimuthal  patterns  for  various  elevation  angles.  In 
addition,  several  ‘radial’  runs  were  made,  in  which  the  aircraft  flew  in  straight  lines  over  the  array.  ^ 

The  radial  flights  were  used  to  obtain  elevation  patterns  for  several  azimuths.  The  signal  strength 
received  by  the  antenna  elements  was  measured  and  recorded  with  a  sampled-aperture  digital 
recording  system  provided  by  the  DND  owner  of  the  antenna  array.  Azimuthal  antenna  patterns  ^ 

were  measured  at  elevation  angles  of  approximately  4.5° ,  11°,  19° ,  31  ° ,  and  49° ,  and  at  fre¬ 
quencies  of  5.1,  9.3,  11.5, 15.1,  and  18.0  MHz. 


3.0  Antenna  Array 

The  antenna  array  consisted  of  eight  elements  selected  from  the  twenty-four  inner-circle 
elements  of  a  Pusher  array  normally  used  for  direction  finding,  plus  four  additional  vertical  whip 
antennas.  Figure  1  (reproduced  from  [1])  shows  a  plan  view  of  the  array.  Array  parameters  used 
in  the  numerical  modelling  are  listed  in  Table  1 . 


Figure  1.  Plan  view  of  antenna  array,  showing  selected  elements 


% 


t 


2 


Table  1:  Antenna  Array  Parameters 


Inner-circle  elements:  25-m  radius,  24  antennas  separated  15°  in  azimuth, 

in  directions  7.5  ° ,  22.5  ° , . . .  352.5  °  E  of  N. 

2-in  diameter  aluminum,  height  20  ft,  antenna  feed  7  ft  above  ground 
8  ground  radials  per  element,  8  ft  length,  separated  45°  in  azimuth, 
with  one  radial  aligned  toward  array  center. 

Outer-circle  elements:  75-m.  radius,  24  antennas  separated  15°  in  azimuth, 

in  directions  7.5  ° ,  22.5° , . . .  352.5  °  E  of  N. 

2-in  diameter  aluminum,  height  40  ft,  antenna  feed  13  ft  above  ground 
8  ground  radials  per  element,  24.3-ft  length,  separated  45°  in  azimuth, 
with  one  radial  aligned  toward  array  centre. 

Additional  elements:  4  elements,  in  directions  255°  and  345°  E  of  N,  at  88-  and  125-m  radii 

2-in  diameter  aluminum,  height  20  ft,  antenna  feed  7  ft  above  ground 
no  ground  radials,  12-in  square  ground  plate,  0.024  in  thick. 


4.0  Modelling  Technique 

The  amplitude  and  phase  of  the  signal  received  at  a  number  of  selected  antennas  was  com¬ 
puted  using  a  NEC2  computer  program.  The  program  was  expanded  to  accommodate  1500  seg¬ 
ments  for  these  computations.  Alterations  were  made  to  the  program  in  order  to  extract  phase 
information  on  the  signal. 

In  modelling  the  individual  vertical  whip  elements,  the  element  support  structure  (consist¬ 
ing  of  three  nylon  ropes  separated  by  120°  in  azimuth  and  connected  to  individual  anchors)  was 
ignored.  The  base  grounding  plates  for  both  the  inner-  and  outer-circle  elements  were  represented 
by  eight  radial  wires  uniformly  spread  over  360°  in  azimuth  and  connected  to  the  base  of  the  ver¬ 
tical  whip.  The  ground  wires,  which  were  covered  by  an  insulating  jacket,  were  assumed  to  be 
0.2  inches  above  ground.  The  12-inch  square  ground  plates  of  the  four  additional  antenna  ele¬ 
ments  were  represented  by  eight  7-inch  long  radials  of  #12  wire  equally  spaced  over  360°  azi¬ 
muth. 

As  the  modelling  required  a  significant  amount  of  computation  and  therefore  time,  it  was 
considered  highly  desirable  to  find  ways  to  reduce  the  effort.  An  initial  set  of  calculations  for  the 
inner-circle  antennas  showed  that  their  patterns,  both  amplitude  and  phase,  were  identical,  when 
the  patterns  were  rotated  according  to  the  antenna  position  in  the  circle.  (This  result  indicates  that 
the  modelled  interaction  between  inner-circle  antennas  and  the  four  additional  antennas,  which 
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did  not  have  the  same  symmetry  as  the  inner-circle  elements,  was  negligible.)  It  was  therefore  not 
necessary  to  present  the  results  for  all  inner-circle  elements  separately;  instead,  a  single  repre¬ 
sentative  element  could  be  used. 

Initially  it  was  thought  that  the  modelling  would  have  to  assume  the  same  transmitter  loca¬ 
tion  as  the  Xeledop  for  a  proper  comparison.  However,  in  the  initial  modelling,  it  was  found  that 
the  model  patterns,  both  gain  and  relative-phase,  that  were  found  using  the  actual  Xeledop  loca¬ 
tions,  agreed  with  those  based  on  far-field  computations  (within  0.2  dB  and  1  °  respectively).  On 
this  basis,  since  this  represented  a  considerable  computational  saving,  far-field  calculations  were 
used  for  the  modelling. 

Reference  [2]  provides  further  details  of  the  modelling.  In  this  reference,  a  relatively  poor 
ground  (conductivity  a  =  0.001  mhos/m,  dielectric  constant  e  =  4),  was  used  to  compute  the  pat¬ 
terns,  as  the  nature  of  the  ground  appeared  to  support  this  assumption.  However,  an  initial  com¬ 
parison  of  measured  and  modelled  patterns  suggested  that  the  ground  was  more  highly  conducting 
than  previously  thought.  A  set  of  surface-wave  signal  strength  measurements,  conducted  to  check 
this  finding,  showed  the  ground  conductivity  to  be  approximately  0.02  mhos/m.  The  model  was 
rerun  using  the  revised  ground  conductivity;  the  results  are  reported  in  the  present  paper. 

Modelled  patterns  were  calculated  for  three  frequencies:  5.1,  11.5,  and  18.0  MHz.  Azi¬ 
muthal  patterns  were  found  by  incrementing  the  azimuth  in  1  °  steps  over  a  full  360° ,  at  fixed  ele¬ 
vation  angles  of  4.5  ° ,  1 1  ° ,  and  1 9  ° .  The  elevation  patterns  were  found  for  azimuths  of  9  °  / 1 89  ° 
and  91  °/271  °E  of  N.  (The  previously  measured  patterns  [1]  were  conducted  for  these  frequen¬ 
cies,  elevations  and  azimuths.  The  elevation  patterns  corresponded  to  straight-line  paths  over  the 
array,  having  one  azimuth  on  approach,  and  another  azimuth  180°  away  on  departure.) 

5.0  Results 

5.1  Initial  Results  Using  Poorly  Conducting  Ground 

Figure  2  shows  the  azimuthal  gain  patterns  for  antenna  #5  an  inner-circle  element  (see 
Figure  1),  found  from  measurements  and  from  modelling  under  the  assumption  of  a  poorly  con¬ 
ducting  ground  (c  =  0.001  mhos/m,  e  =  4).  Patterns  are  shown  for  the  three  operating  frequen¬ 
cies  modelled,  5.1, 11.5,  and  18.0  MHz,  and  for  an  elevation  angle  of  11  ° . 

The  model  azimuthal  variations  in  gain  shown  in  Figure  2  differ  somewhat  from  those 
measured,  although  there  are  some  similarities.  The  more  rapid  gain  variations  with  azimuth 
found  using  the  model  at  the  two  higher  frequencies  agree  somewhat  in  their  azimuthal  depend¬ 
ence  with  those  measured,  but  are  noticeably  smaller  in  amplitude. 

The  difference  from  spherical  phase-front  values  in  the  relative  phase  between  antennas 
#5  and  #1  is  plotted  as  a  function  of  azimuth,  in  Figure  3.  Plots  are  included  for  the  three  mod¬ 
elled  frequencies.  The  elevation  angle  of  the  plots  is  11  ° ,  as  before. 
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Like  the  gain  patterns,  the  relative-phase  difference  patterns  do  show  some  similarity 
between  measured  and  modelled  values,  but  there  are  significant  differences  as  well.  At  18.0 
MHz,  and  to  a  lesser  degree  at  11.5  MHz,  the  phase  variations  found  in  modelling  agree  in  their 
azimuthal  dependence,  but  are  much  smaller  in  amplitude. 
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Figure  3.  Measured  and  modelled  azimuthal  patterns  of  the  difference  from  the 
spherical  wavefront  value  in  the  phase  response  relative  to  antenna  #1, 
for  antenna  #5  at  an  elevation  angle  of  11  degrees,  assuming  a  poor 
conducting  ground  (a  =  0.001  mhos/m,  £  =  4)  for  the  model. 
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It  was  found  that  increasing  the  ground  conductivity  in  the  model  increased  the  amplitude 
of  the  variations  in  gain  and  relative  phase  difference  with  azimuth.  The  small  variations  noted  in 
Figures  2  and  3  for  the  model  suggest  that  the  chosen  ground  conductivity  may  have  been  too  low. 

Figure  4  shows  both  modelled  and  measured  elevation  gain  patterns  found  for  antenna 
#11,  for  the  three  frequencies  5.1,  11.5,  and  18.0  MHz.  In  order  to  facilitate  a  comparison,  the 
measured  and  modelled  patterns  shown  are  normalized  to  the  same  average  value  (25  dB)  in  the 

region  of  the  nose  (15  -  25° )  of  the  elevation  pattern. 


5.1  MHz 
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0 

Figure  4.  Measured  and  modelled  elevation  gain  patterns  for  antenna  #11,  assuming 
a  poor  conducting  ground  (o  =  0.001  mhos/m,  £  =  4)  for  the  model,  for 
an  azimuth  of  9/189  deg.  E  of  N. 
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From  Figure  4,  the  measured  and  modelled  elevation  patterns  can  be  seen  to  be  in  approx¬ 
imate  but  not  perfect  Agreement.  The  high-elevation  gains  found  from  the  modelling  tend  to  be 
larger  than  those  observed,  especially  at  the  lower  frequencies.  In  addition,  a  close  examination 
of  the  lowest  elevations  shows  the  model  predicts  greater  undercutting  than  is  observed  at  the  two 
higher  frequencies.  As  the  degree  of  undercutting  is  less  for  higher  ground  conductivities,  this 
implies  again  that  the  ground  conductivity  used  in  the  model  was  too  low. 

To  resolve  this  question,  surface-wave  signal-strength  measurements  were  used  to  obtain  a 
value  for  the  ground  conductivity  in  the  vicinity  of  the  array.  Measurements  were  made  in  several 
directions,  up  to  distances  of  2  km  away,  using  an  radio  frequency  of  9.2  MHz.  The  measure¬ 
ments  gave  a  new  value  for  the  ground  conductivity:  0.02  mhos/m. 


5.2  Results  Using  Measured  Ground  Conductivity 

Figures  5,  6,  and  7  show  the  corresponding  new  azimuthal  gain  patterns,  azimuthal  rela¬ 
tive-phase  difference  patterns,  and  elevation  gain  patterns  found  with  the  new  ground  conductiv¬ 
ity. 

Although  considerable  differences  continue  to  exist  between  the  modelled  and  measured 
azimuthal  patterns,  many  of  the  observed  features,  both  in  gain  and  relative  phase,  appear  to  be 
well-explained  by  the  model.  The  amplitudes  of  the  model  azimuthal  variations  in  gain  and  rela¬ 
tive  phase  are  similar  to  those  seen  in  the  measurements.  This  is  in  contrast  to  the  modelled  vari¬ 
ations  for  poor  ground  (Figures  2  and  3)  which  were  substantially  less  than  the  measured 

variations. 

Figure  5  shows  azimuthal  variations  in  gain  of  the  order  of  1  to  3  dB,  depending  on  fre¬ 
quency.  For  some  azimuths  and  frequencies,  the  model  and  measurements  are  in  very  good 
agreement  (e.g.,  11.5  MHz,  variations  in  gain  with  azimuth  between  210°  and  300°  N  of  E).  For 
others  there  is  significant  disagreement:  the  measured  patterns  show  variations  which  are  not  pre¬ 
dicted  by  the  model. 

The  azimuthal  variations  in  relative  phase  response  displayed  in  Figure  6  increase  sub¬ 
stantially  with  radio  frequency.  At  the  higher  frequencies,  the  variations  in  relative  phase  found 
by  the  model  generally  agree  with  those  measured;  minor  differences  exist,  notably  in  the  more 
rapid  variations.  At  the  lowest  (5.1  MHz)  frequency,  where  the  azimuthal  variafions  in  relative 
phase  are  small,  there  is  little  agreement  between  the  model  and  the  measured  variations. 

In  Figure  7,  the  modelled  and  measured  elevation  patterns  are  seen  to  be  in  fairly  good 
agreement.  The  agreement  is  better  than  with  the  previous  (poor-conducting  ground)  model, 
especially  at  the  higher  angles.  At  low  elevation  angles,  the  elevation  patterns  for  the  11.5-  and 
18.0-MHz  frequencies  show  reasonable  agreement.  However,  at  5.1  MHz,  there  is  substantially 
more  undercutting  observed  in  the  measurements  than  is  predicted  by  the  model.  These  results 
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5.1  MHz 


11.5  MHz 


18.0  MHz 


Figure  5.  Measured  and  modelled  azimuthal  gain  patterns  for  antenna  #5,  at  an 
elevation  angle  of  11  degrees,  using  the  measured  ground  conductivity 
(ct  =  0.02  mhos/m,  e  =  4)  for  the  model. 
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suggest  a  layered  ground  in  which  the  conductivity  near  the  surface  is  substantially  greater  than 
at  deeper^^epths.  The  greater  skin  depth  at  lower  frequencies  would  cause  the  apparent  conduc¬ 
tivity  to  be  lower  and  the  undercutting  of  the  elevation  pattern  to  be  correspondingly  greater,  at 
5.1  MHz. 
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Figure  6.  Measured  and  modelled  azimuthal  patterns  of  the  difference  from  the 
spherical  wavefront  value  in  the  phase  response  relative  to  antenna  wl, 
for  antenna  #5  at  an  elevation  angle  of  11  degrees,  using  the  measured 
ground  conductivity  (c  =0.02  mhos/m,  s  =  4)  in  the  model. 
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5.1  MHz 


11.5  MHz 


18.0  MHz 


Figure  7.  Measured  and  modelled  elevation  gain  patterns  for  antenna  #77  using  the 
measured  ground  conductivity  (<5  =  0.02  mhos/m,  e  =  4}  for  the  model, 
for  an  azimuth  of  9/1 89  deg.  E  of  N. 


5.3  Results  for  Various  Element  Antennas 

The  results  presented  so  far  are  restricted  to  antenna  #5,  one  of  the  element  antennas  in  the 
inner  circle  of  24  antennas  on  a  25-m  radius  (Figure  1).  The  present  section  considers  the  results 
^  for  antennas  #9  and  #1 1 ,  which  are  quite  different  with  regard  to  the  conducting  structures  in  their 

vicinities. 
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8  Measured  and  modelled  azimuthal  gain  patterns  for  antenna  #9,  at  an 
elevation  angle  of  11  degrees,  using  the  measured  ground  conductivity 
(a  =  0.02  mhos/m,  e  =  4)  for  the  model. 
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Figure  9.  Measured  and  modelled  azimuthal  gain  patterns  for  antenna  #11,  at  an 
elevation  angle  of  11  degrees,  using  the  measured  ground  conductivity 
(a  =  0.02  mhos/m,  E  =  4}  for  the  model. 


13 


Figures  8  and  9  show  the  measured  and  modelled  azimuthal  gain  patterns  for  antennas  #9 
and  #11,  respectively,  for  the  three  frequencies  5.1,  11.5  and  18.0  MHz,  at  an  elevation  angle  of 

11°. 

The  most  distorted  patterns  occur  for  antenna  #9,  at  11.5  and  18.0  MHz.  This  antenna  is 
close  to  one  of  the  large  (40-ft  whip)  element  antennas  of  the  outer  ring  of  the  Pusher  array  with  ( 

which  substantial  interaction  can  be  expected.  The  large  distortions  in  the  measured  azimuthal 
gain  patterns  are  matched,  at  least  in  part,  in  the  modelled  patterns.  However,  the  modelling  pre¬ 
dicts  some  rapid  azimuthal  variations  which  are  not  seen  in  the  measurements  (e.g..  Figure  8,  1 1.5 
MHz)  This  discrepancy  might  arise  from  differences  in  the  ideal  modelled  conducting  elements 
and  the  actual  implementation  (e.g.,  disconnected  or  misplaced  ground  radials,  slight  tilts  away 
from  vertical  in  the  antenna  orientations). 

Antenna  #1 1  is  relatively  distant  from  the  other  antennas  in  the  array  and  can  be  expected 
to  experience  little  interaction.  Figure  9  shows  its  measured  azimuthal  variations  in  gain  to  be  rel¬ 
atively  small,  with  the  possible  exception  of  the  11.5  MHz  frequency,  where  some  rapid  azi¬ 
muthal  variations  are  observed.  For  the  most  part,  the  modelling  predicts  somewhat  smaller 
variations  than  are  observed  at  11.5  MHz. 

The  difference  in  relative  phase  from  that  of  a  spherical  wavefront  is  plotted  as  a  function 
of  azimuth  for  antennas  #9  and  #11  with  respect  to  antenna#!,  in  Figures  10  and  Irrespectively. 

Measured  and  modelled  patterns  are  shown  for  5.1,  11.5  and  18.0  MHz  at  11  °  elevation. 

A  comparison  of  Figures  6,  10,  and  11  for  antennas  #5,  #9,  and  #11  respectively  reveals  a 
pattern  in  the  relative-phase  difference  patterns  that  is  noted  also  for  the  gain  patterns.  The  largest 
variations  in  relative-phase  difference  with  azimuth  occurs  for  antenna  #9,  which  is  expected  to 
have  a  strong  interaction  with  a  nearby  large  outer-circle  element.  The  smallest  variations  with 
azimuth  occur  for  antenna  #11,  which  is  remote  from  all  other  elements  and  therefore  is  expected 
to  interact  only  weakly.  The  azimuthal  variations  for  antenna  #5,  which  is  one  of  a  number  of 
closely-spaced  inner-circle  elements,  mostly  lie  between  those  of  antennas  #11  and  #9. 

As  noted  in  the  previous  report  [1]  and  in  the  previous  section  for  antenna  #5,  the  relative- 
phase  differences  depend  strongly  on  frequency,  being  larger  at  the  higher  frequencies.  At  the 
5.1 -MHz  frequency,  relatively  small  variations  with  azimuth  are  noted,  and  there  is  little,  if  any, 
correspondence  between  the  measured  and  modelled  variations.  At  1 1.5  MHz,  much  stronger  azi¬ 
muthal  variations  in  relative-phase  difference  are  noted,  and  there  is  substantial  correspondence 
between  the  measured  and  modelled  variations.  At  18.0  MHz,  the  azimuthal  variations  are 
stronger  yet,  and  the  correspondence  between  measured  and  modelled  values  is  perhaps  greater. 

However,  the  differences  in  the  measured  and  modelled  values  remain  significant  even  at  18.0 

MHz. 
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Figure  10.  Measured  and  modelled  azimuthal  patterns  of  the  difference  from  the 
spherical  wavefront  value  in  the  phase  response  relative  to  antenna  #1, 
for  antenna  #9  at  an  elevation  angle  of  II  degrees,  using  the  measured 
ground  conductivity  (a  =0.02  mhos/m,  z  =  4)  in  the  model. 
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Figure  11.  Measured  and  modelled  azimuthal  patterns  of  the  difference  from  the 
spherical  wavefront  value  in  the  phase  response  relative  to  antenna  wl, 
for  antenna  #11  at  an  elevation  angle  of  11  degrees,  using  the  measured 
ground  conductivity  (o  =0.02  mhos/m,  z  =  4)  in  the  model. 
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5.4  Implications  for  Pattern  Errors 

^  In  the  absence  of  any  pattern  information,  a  reasonable  assumption  is  that  the  vertical- 

whip  element  antennas  are  azimuth-independent  in  their  gain,  and  have  a  phase  response  corre- 
^  sponding  to  that  of  a  spherical  wavefront  (plane  wave  for  large  distances).  More  accurate  pattern 

information  can  be  obtained  from  the  modelling.  The  potentially  most  accurate  information  is 
that  obtained  by  direct  measurement,  which  in  the  absence  of  any  measurement  errors  can  be 
taken  to  be  exact. 

In  order  to  quantify  the  uncertainty  inherent  in  each  of  these  approaches,  the  rms  variation 
over  azimuth  was  determined,  both  in  gain  and  relative-phase  difference  from  that  expected  from 
a  spherical  wavefront.  The  variation  is  expected  to  arise  from  two  sources,  the  interaction 
between  conducting  elements  in  the  presence  of  a  constant  ground;  and  harder-to-determine 
sources  such  as  ground  inhomogeneities,  inaccurately  placed  elements,  and  the  like.  In  addition, 
errors  inherent  in  the  measurement  technique  will  affect  the  accuracy  of  measured  patterns. 

The  measured  rms  variation  over  azimuth  ,  either  in  gain  or  relative  phase,  can  be 
considered  to  be  made  up  of  the  actual  variation  and  the  rms  variation  arising  from  meas¬ 

urement  errors  ,  according  to 


r 


% 


2 

a 

meas 


2  2 
^act  ^meas  ’ 


(1) 


assuming  that  the  measurement  errors  do  not  correlate  with  the  actual  variation. 

Likewise,  the  observed  rms  difference  over  azimuth  between  the  measured  and  modelled 
patterns  can  be  considered  to  made  up  of  the  rms  variation  due  to  effects  which  are  not  taken  into 
account  in  the  modelling  and  the  rms  variation  due  to  measurement  errors  : 


2  2  2 
^obs  ~  ^ other  ^meas  ' 

The  measurement  error  contributions  were  found  in  the  previous  report  [1],  from  a 
comparison  of  clockwise  and  counterclockwise  circular  flights. 

The  actual  rms  variation  can  be  viewed  as  a  measure  of  the  error  introduced  by  an 
azimuth-independent  gain  or  spherical-wavefront  phase  response  assumption  (i.e.,  8  ). 

Likewise  the  rms  variation  due  to  features  ignored  in  the  model,  is  a  measure  of  the  error 

^mod  introduced  when  the  modelling  is  used  to  obtain  the  antenna  pattems(8^^^  =  ^Qther^' 
8  is  a  measure  of  the  error  introduced  when  the  patterns  are  obtained  by  the  measurement 


17 


technique. 

Using  equations  1  and  2,  the  potential  rms  ‘errors’  inherent  in  each  of  the  three  techniques 
were  found  for  the  various  azimuthal  patterns.  This  was  done  for  each  of  the  three  frequencies 
and  elevation  angles  modelled.  The  results  are  provided  in  Tables  2  and  3  for  gain  and  relative 
phase  difference,  respectively. 


Table  2:  Potential  rms  errors  in  antenna  dB  gain,  arising  from  the  three  approaches  to 
pattern  estimation:  azimuth-independent  spherical  phase-front  assumption  , 

numerical  modelling  actual  measurement  • 


ant.  #5 

5.1 

MHz 

11.5 

MHz 

18.0 

MHz 

elevation 

^iso 

^mod 

^meas 

^iso 

^mod 

^meas 

^iso 

^mod 

^meas 

■g 

1.17 

1.23 

0.23 

1.41 

1.01 

0.70 

0.74 

0.73 

0.31 

11° 

0.86 

1.04 

0.23 

0.89 

0.52 

0.70 

0.63 

0.64 

0.37 

19° 

G.67 

1.19 

0.23 

1.05 

0.74 

0.70 

0.70 

0.75 

0.37 

ant.  #9 

5.1 

MHz 

11.5 

MHz 

18.0 

MHz 

elevation 

^iso 

^mod 

^meas 

^iso 

^mod 

^meas 

^iso 

^mod 

^meas 

4.5° 

1.37 

1.49 

0.24 

1.63 

1.35 

0.69 

1.48 

0.80 

0.32 

11° 

0.69 

0.66 

0.24 

1.46 

1.33 

0.69 

1.51 

0.77 

0.32 

19° 

0.47 

0.45 

0.24 

1.51 

1.15 

0.69 

1.26 

0.78  ^ 

0.32 

ant.  #11 

5.1 

MHz 

11.5 

MHz 

18.0 

MHz 

elevation 

^iso 

^mod 

^meas 

^iso 

^mod 

^meas 

^iso 

^mod 

^meas 

4.5° 

1.56 

1.68 

0.27 

0.75 

0.95 

0.72 

0.45 

0.72 

0.35 

11° 

0.71^ 

0.75 

0.27 

0.39 

0.75 

0.72 

0.70 

0.86 

0.35 

19° 

0.47 

0.54 

0.27 

0.60 

0.57  ^ 

0.72 

0.99 

1.08 

0.35 

» 


> 


s 
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Table  3:  Potential  rms  errors  in  relative  phase  response  difference,  arising  from  the 
three  approaches  to  pattern  estimation:  azimuth-independent  spherical  phase-front 
assumption  ,  numerical  modelling  and  actual  measurement  • 


ant.  #5 
rel.  to  #1 

5.1  MHz 

11.5  MHz 

18.0  MHz 

elevation 

^iso 

^mod 

^meas 

^iso 

^mod 

^meas 

^iso 

^mod 

^meas 

4.5° 

4.2° 

11.1° 

1.2° 

8.5° 

8.6° 

1.8° 

14.1° 

9.0° 

2.2° 

11° 

4.9° 

12.6° 

1.2° 

9.4° 

8.5° 

1.8° 

14.6° 

10.0° 

2.2° 

19° 

4.4° 

12.5° 

1.2° 

8.4° 

7.0° 

1.8° 

15.1° 

9.0° 

2.2° 

ant.  #9 
rel.  to  #1 

5.1  MHz 

11.5  MHz 

18.0  MHz 

elevation 

^iso 

^mod 

^meas 

^iso 

^mod 

^meas 

^iso 

^mod 

^meas 

4.5° 

5.3° 

11.8° 

1.6° 

12.7° 

10.3° 

2.9° 

12.3° 

9.9° 

2.9° 

11° 

5.1° 

11.0° 

1.6° 

11.2° 

8.8° 

2.9° 

12.6° 

9.2° 

2.9° 

19° 

5.5° 

10.4° 

1.6° 

10.5° 

8.0° 

2.9° 

10.8° 

8.2° 

2.9° 

ant.  #11 
rel.  to  #1 

5.1  MHz 

11.5  MHz 

18.0  MHz 

elevation 

^iso 

^mod 

^meas 

^iso 

^mod 

8 

meas 

^iso 

^mod 

£ 

meas 

5.5° 

12.4° 

1.6° 

7.3° 

6.6° 

4.0° 

11.1° 

8.4° 

3.8° 

11° 

11.0° 

1.6° 

7.7° 

6.2° 

0 

q 

11.7° 

9.1° 

3.8° 

19° 

10.2° 

1.6° 

8.2° 

5.2° 

4.0° 

12.0° 

10.6° 

3.8° 

From  these  tables,  several  features  can  be  seen: 
t 

1 .  While  it  may  be  expected  that  the  antenna  pattern  errors  are  reduced  when  more  informa¬ 
tion  is  used  in  deriving  them,  this  is  not  always  the  case.  At  the  lowest  frequency  (5.1  MHz),  the 
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simple  assumptions,  of  azimuth-independent  gain  and  a  phase  response  based  on  a  spherical 
wavefront,  yield  gain  and  relative  phase  errors  that  are  less  than  those  obtained  with  numerical 
modelling.  Likewise,  for  antenna  #1 1  at  the  two  higher  frequencies,  the  rms  errors  in  gain  found 
with  the  simple  assumptions  are  less  than  those  found  with  numerical  modelling;  this  antenna  is 
well-removed  from  other  antennas,  and  can  be  expected  be  influenced  more  by  ground  inhomoge¬ 
neities  (not  considered  in  the  modelling)  than  by  other  conducting  elements.  It  should  be  noted 
that  in  all  these  cases,  the  rms  errors  found  using  the  assumptions  tend  to  be  smaller  than  in  other 
cases,  an  exception  being  the  relatively  large  rms  gain  errors  at  5.1  MHz  and  4.5°  elevation 
where  a  distant  ground  feature  [1]  influenced  the  azimuthal  antenna  patterns. 

2.  For  the  remaining  frequencies  (11.5  and  18.0  MHz)  and  antennas  #5  and  #9  (which  are 
near  other  conducting  elements),  numerical  modelling  produced  smaller  rms  pattern  errors  than 
those  found  assuming  azimuth  independent-gains  and  spherical- wavefront  phase  response,  as 
expected. 

3.  Considering  the  rms  gain  and  relative-phase  errors  found  in  the  measurements,  it  is  clear 
that  actual  pattern  measurements  yielded  substantially  more  accurate  antenna  patterns  than  the 
other  two  approaches,  in  all  cases. 

It  is  worth  summarizing  Tables  2  and  3  in  terms  of  the  rms  errors  that  would  result  from 
each  of  the  three  techniques,  when  applied  to  the  present  antenna  array.  Using  an  azimuth-inde¬ 
pendent  gain  assumption  yields  rms  gain  errors  which  range  from  0.47  to  1.63  dB,  and  are  great¬ 
est  for  antenna  #9  which  is  near  a  large  conducting  element.  The  spherical-wavefront  phase  > 

response  assumption  yields  rms  relative-phase  errors  which  range  from  4.2°  at  5.1  MHz  to  14.6° 
at  18.0  MHz.  Numerical  modelling  produces  rms  gain  errors  ranging  from  0.45  dB  to  1.68  dB, 
the  largest  errors  occurring  at  5.1  MHz  and  4.5°  elevation  where  a  distant  ground  feature  affected 
the  patterns.  The  rms  relative-phase  errors  with  the  numerical  model  lay  between  5.2°  and 
12.6° ,  with  the  largest  errors  occurring  at  5.1  MHz.  The  rms  errors  resulting  from  actual  meas¬ 
urements  are  0.23  to  0.37  dB  in  gain,  and  1.2  to  3.8°  in  relative  phase. 


6.0  Conclusions 

On  the  basis  of  these  results,  numerical  modelling  is  not  expected  to  be  of  benefit  in  deter¬ 
mining  antenna  patterns  for  HF  antenna  arrays  where  conducting  elements  are  sufficiently  remote 
from  each  other  that  little  interaction  occurs,  or  where  significant  ground  inhomogeneities  exist  in 
the  vicinity.  Modelling  is  useful,  however,  when  applied  to  an  array  of  closely-spaced  elements, 
or  in  considering  antennas  which  are  placed  near  other  conducting  structures.  The  precision  with 
which  the  actual  positions  and  orientations  of  the  conducting  elements  are  modelled  is  crucial  to 
the  success  of  modelling,  as  are  proper  estimates  of  ground  conductivity  and  antenna  feed  imped¬ 
ances.  Modelling  is  less  likely  to  be  effective  at  low  elevation  angles,  where  the  area  of  ground 
contributing  to  the  antenna  gain  is  very  large,  and  so  likely  to  include  variations  in  ground  param¬ 
eters  which  will  alter  the  gain  in  different  directions. 
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Actual  measurement  of  the  antenna  patterns  yields  substantially  more  accurate  antenna 
patterns  than  are  obtainable  through  either  modelling  or  simple  theory-based  assumptions.  How¬ 
ever,  as  shown  in  the  previous  report  [1],  measurements  must  be  made  at  many  closely-spaced 
frequencies  in  order  to  permit  the  resultant  element  patterns  to  be  reliably  interpolated  to  interme¬ 
diate  frequencies.  Good  interpolation  procedures  need  to  be  developed;  these  procedures  might 
make  use  of  numerical  modelling  predictions  which  are  fitted  to  the  measured  patterns  at  the 
measurement  frequencies.  As  ground  conditions  can  change  significantly  between  summer  and 
winter  as  freezing,  thawing  and  different  levels  of  wetness  are  experienced,  it  may  be  necessary  to 
make  measurements  and  several  representative  times  of  year.  In  any  case,  measurements  should 
be  considered  for  HF  antenna  array  applications  where  precise  knowledge  of  the  element  patterns 
is  required. 
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